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Summary
The membrane protein composition of the primary cilium, a
key sensory organelle, is dynamically regulated during
cilium-generated signaling [1, 2]. During ciliogenesis, ciliary
membrane proteins, along with structural and signaling pro-
teins, are carried through the multicomponent, intensely
studied ciliary diffusion barrier at the base of the organelle
[3–8] by intraflagellar transport (IFT) [9–18]. A favored model
is that signaling-triggered accumulation of previously
excluded membrane proteins in fully formed cilia [19–21]
also requires IFT, but direct evidence is lacking. Here, in
studies of regulated entry of a membrane protein into the
flagellum of Chlamydomonas, we show that cells use an
IFT-independent mechanism to breach the diffusion barrier
at the flagellar base. In resting cells, a flagellar signaling
component [22], the integral membrane polypeptide SAG1-
C65, is uniformly distributed over the plasma membrane
and excluded from the flagellar membrane. Flagellar adhe-
sion-induced signaling triggers rapid, striking redistribution
of the protein to the apical ends of the cells concomitantly
with entry into the flagella. Protein polarization and flagellar
enrichment are facilitated by cytoplasmic microtubules.
Using a conditional anterograde IFTmutant, we demonstrate
that the IFT machinery is not required for regulated SAG1-
C65 entry into flagella. Thus, integral membrane proteins
can negotiate passage through the ciliary diffusion barrier
without the need for a motor.Results
SAG1-HA Is Localized Primarily on the Plasma Membrane
on the Cell Body
When Chlamydomonas plus and minus gametes are mixed
together, they adhere to each other by interaction of the
plus agglutinin peripheral membrane polypeptide encoded
by the SAG1 gene with the minus agglutinin encoded by the
SAD1 gene [22]. Flagellar adhesion engages the intraflagellar
transport (IFT) machinery [23, 24] to activate a protein-kinase-
dependent signaling pathway within the flagella that rapidly
leads to a 10- to 20-fold increase in intracellular cAMP levels,
thereby triggering gamete activation in preparation for cell-
cell fusion [22]. Early studies indicated that cells possess a
pool [25] of inactive agglutinins on the cell body [26–29]
that are recruited to flagella during flagellar adhesion-induced
signaling [23, 29], but the results were difficult to interpret
because a direct probe was unavailable. To study potential2These authors contributed equally to this work
*Correspondence: william.snell@utsouthwestern.edusignaling-regulated entry of a membrane protein into flagella,
we expressed a SAG1 transgene encoding a C-terminal hem-
agglutinin (HA) tag in the flagellar adhesion mutant sag1-5
[30] (see Figures S1A–S1C available online). Immunofluores-
cence studies demonstrated that, whereas control gametes
lacked anti-HA-staining (Figure 1A, right panel), the SAG1-
HA/sag1-5 gametes (hereafter termed SAG1-HA gametes)
stained strongly (Figures 1A and 1B, left panels). HA staining
was abundant on the plasma membrane of cell bodies, with
little if any present on flagella. The HA signal, portions of
which appeared as puncta, was uniformly distributed on the
periphery of the cell body (ring staining), indicating that it
was associated with the plasma membrane (Figures 1A
and 1B, left panels; Movie S1). These results indicated that
SAG1-HA cells expressed an HA-tagged polypeptide
encoded by the SAG1-HA transgene that localized on the
plasma membrane and was mostly excluded from the
flagellar membrane.
The Predominant Form of SAG1-HA Detected in Cells Is a
65 kDa C-Terminal Integral Membrane Polypeptide
Fragment, SAG1-C65-HA
Immunoblotting analysis showed that SAG1-HA gametes
contained low amounts of a high-molecular-mass form of
SAG1-HA, which we propose is newly synthesized, nearly
full-length SAG1, but an HA-tagged 65 kDa C-terminal poly-
peptide fragment, SAG1-C65-HA, predominated. SAG1-HA
was detectable only in gametes (Figures S2A and S2B). Our
interpretation is that full-length SAG1-HA is cleaved soon
after synthesis to yield the aqueous-soluble SAG1 agglutinin
and the C-terminal SAG1-C65-HA (Figure S2C). Cell fraction-
ation studies showed that SAG1-C65-HA was primarily a
cell-body protein, with variable but typically low amounts in
flagella (Figure 1C), confirming the immunofluorescence
results indicating that it was mostly excluded from the organ-
elles in resting gametes.
Biochemical analysis (Figure 2D) confirmed transmembrane
domain predictions (Figure S2C) and showed that SAG1-C65-
HA had the properties of an integral membrane protein. Both
cell-body and flagellar SAG1-C65-HA remained sedimentable
after treatment with high salt or freezing and thawing but
were soluble in the detergent NP-40 (Figure 2D). SAG1-C65-
HA was degraded on live gametes that were treated briefly
with low concentrations of trypsin (Figure 2E), confirming the
immunolocalization results indicating that it was on the cell
surface. Thus, we concluded that SAG1-C65-HA is a tagged,
integral membrane polypeptide that we could use to test for
signaling-induced protein redistribution.
Cell Fractionation Shows that Flagellar Adhesion-Induced
Signaling Triggers Entry of SAG1-C65-HA into Flagella
To determine whether SAG1-C65-HA moved to flagella during
cilium-generated signaling, we mixed SAG1-HA plus gametes
with fusion-defective hap2 minus gametes [31] for 10 min to
activate the flagellar adhesion-induced signaling pathway
and then isolated their flagella and cell bodies for immuno-
blotting. As shown in Figure 2A, almost immediately after
signaling was induced by flagellar adhesion, the amount of
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Figure 1. SAG1-HA Is Evenly Distributed in the Cell-Body Plasma Mem-
brane and Is Expressed in Gametes Primarily as a 65 kDa C-Terminal
Integral Membrane Polypeptide
(A and B) SAG1-C65-HA localizes to the cell-body plasma membrane, with
little on flagella, and was not detectable in control hap2 gametes.
(C) SAG1-C65-HA is expressed primarily as a 65 kDa C-terminal fragment
and is present in cell bodies, with little in flagella.
(D) Both flagellar and cell-body SAG1-C65-HA are insoluble after freeze-
thaw or incubation in 0.5 M NaCl but are soluble in the nonionic detergent
NP-40 (1%).
(E) Upper panel: SAG1-C65-HA is degraded upon treatment of live gametes
with 0.01% trypsin for 5 min. Lower panel: anti-tubulin staining.
See also Figures S1 and S2 and Movie S1.
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1461SAG1-C65-HA in flagella rapidly and strikingly increased, with
a concomitant reduction in cell-body SAG1-C65-HA. To test
whether protein synthesis was required for the signaling-induced increase in SAG1-C65-HA in flagella, we preincu-
bated SAG1-HA plus gametes and hap2 minus gametes
separately in the protein synthesis inhibitor cycloheximide
(CH) for 30 min and then mixed them together in the
continued presence of CH. Figure 2B shows that whereas
SAG1-C65-HA was at very low levels (undetectable in these
exposures) in the flagella isolated from cells before mixing,
it was dramatically enriched in flagella after mixing. More-
over, the amount of SAG1-C65-HA in flagella was indistin-
guishable between control and CH-treated samples. Thus,
reminiscent of earlier bioassay results on agglutinin [25, 28,
29], the SAG1-C65-HA that accumulated in flagella during
signaling preexisted on the cells.
Confirming the dramatic flagellar increase in SAG1-C65-HA
triggered by adhesion-induced signaling, incubation of SAG1-
HA plus gametes in the cell-permeable analog of cAMP, dibu-
tyryl cAMP (db-cAMP), which mimics the adhesion-induced
signal, alone was sufficient to trigger entry of SAG1-C65-HA
into flagella (Figure 2C, left panel). Accumulation was
completely abrogated in cells undergoing flagellar adhesion
in the presence of the protein kinase inhibitor staurosporine
(Figure 2C, right panel), which blocks signaling [23]. Immuno-
localization studies confirmed the biochemical results
showing regulated increase of SAG1-C65-HA in flagella.
Strong HA staining became localized along the shafts of the
flagella and at the flagellar tips in the db-cAMP-treated
gametes (Figure 2D). Taken together, these results indicated
that flagellar adhesion-induced signaling triggered a redistri-
bution of preexisting SAG1-C65-HA from the plasma mem-
brane onto the flagellar membrane.
The Signaling-Induced Increase of SAG1-C65-HA in
Flagella Does Not Require IFT
We took advantage of the Chlamydomonas temperature-sen-
sitive kinesin-2 mutant fla10 (which has a point mutation in the
motor domain) to test whether IFT was required for signaling-
induced flagellar accumulation of SAG1-C65-HA. At the
permissive temperature, fla10 cells [32, 33] possess flagella
that are fully motile and functional. Upon shifting to the
nonpermissive temperature, the mutant FLA10 protein
becomes nonfunctional and IFT particles no longer enter
flagella. The flagella become depleted of the IFT machinery
[23] within 45 min but retain flagella of full length for another
30–45 min. We generated a SAG1-HA/fla10 cell line by
crossing SAG1-HA gametes with fla10 minus gametes.
SAG1-HA/fla10 gametes were incubated at the nonpermis-
sive temperature for 45 min, db-cAMP was added to induce
signaling [23], and cell bodies and flagella were analyzed by
immunoblotting. As reported previously [32], even at the
permissive temperature, fla10 cells possessed very low levels
of the mutant FLA10 protein in their flagella (Figure 3A). And as
expected, IFT complexes as measured by the IFT139 protein
were depleted from the flagella of cells at the nonpermissive
temperature (32C). The equivalently low SAG1-C65-HA
amounts in flagella of resting cells at the permissive and
nonpermissive temperatures indicated that IFT was not
required for exclusion of the protein from flagella (Figure 3A).
More importantly, even though their kinesin-2 had been
rendered nonfunctional and their flagella were depleted of
the IFT machinery at the nonpermissive temperature, the
SAG1-HA/fla10 gametes retained full ability to undergo
signaling-induced flagellar enrichment of SAG1-C65-HA (Fig-
ure 3A). Therefore, regulated entry of SAG1-C65-HA into


































































Figure 2. During Gamete Activation, Preexisting
SAG1-C65-HA Moves Rapidly from the Cell
Body to the Flagella
(A) SAG1-C65-HA becomes enriched in flagella
during flagellar adhesion. The upper panel is an
HA immunoblot; the lower panel shows the blot
after staining for protein (9 mg protein/lane).
(B) The SAG1-C65-HA that moves to flagella is
derived from preexisting SAG1-C65-HA. Shown
are immunoblots of cell bodies (7 3 105 cell
equivalents [w7 mg protein] in each lane) and
flagella (2 3 107 cell equivalents [w3 mg protein]
in each lane) isolated from SAG1-HA gametes
mixed with hap2 minus gametes in the presence
and absence of 10 mg/ml cycloheximide for 30
min. Cells were pretreated for 30 min with CH
before mixing.
(C) Signaling is necessary and sufficient for rapid
enrichment of SAG1-C65-HA in flagella. SAG1-
C65-HA becomes enriched in flagella upon incu-
bation of SAG1-HA gametes with db-cAMP (left
panel; flagella from equal numbers of cells loaded
in each lane). SAG1-HA gametes mixed with
minus gametes in the presence of 1 mM stauro-
sporine (st.) fail to enrich SAG1-C65-HA in their
flagella (right panel; flagella from equal numbers
of cells loaded in each lane).
(D) Immunolocalization experiments show that
SAG1-C65-HA becomes enriched in flagella of
SAG1-HA gametes activated by incubation in
db-cAMP (30 min).
See also Figure S2.
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1462Cytoplasmic Microtubules Facilitate the Regulated
Increase of SAG1-C65-HA in Flagella
The results above showing that SAG1-C65-HA became
depleted from the cell bodies during adhesion (Figures 2A
and 2B) raised the possibility that enrichment in flagella upon
signaling was not simply due to passive equilibration between
the plasma membrane and the flagellar membrane compart-
ments but was facilitated by signaling. With the exception of
the actin filaments in the microvillus-like mating structure
erected during gamete activation [22], these cytoskeleton ele-
ments are not detectable in Chlamydomonas vegetative cells
or gametes and thus are unlikely to participate in flagellar
enrichment. On the other hand, Chlamydomonas cells
possess 15–20 microtubules that originate near the basal
bodies, extend radially toward the posterior end of the cell,
and are intimately associated with the plasma membrane
[34, 35] (Figure 3B, left panel; see Figure S3 in [35]). To test
for a possible function of these microtubules in flagellar exclu-
sion or enrichment of SAG1-C65-HA, we incubated cells with
colchicine to disrupt the microtubules and examined SAG1-
C65-HA distribution before and after incubation of the
gametes in db-cAMP in the continued presence of colchicine.
As expected [34], colchicine treatment did not alter the stable
doublet microtubules of the flagella but disrupted the singlet,
cytoplasmicmicrotubules (Figure 3B, right panel). Immunoblot
analysis showed that the amounts of SAG1-C65-HA in cell
bodies and flagella from resting control cells were similar to
those from resting, microtubule-depleted gametes, indicating
that cytoplasmic microtubules were not required to exclude
SAG1-C65-HA from flagella in resting cells (Figure 3C). On
the other hand, although depletion of cytoplasmic microtu-
bules did not completely block entry, db-cAMP-induced redis-
tribution of SAG1-C65-HA from the cell body to the flagella was
impaired (Figure 3C). Incubation of gametes with colchicine
in the cold to bring about more complete depletion ofmicrotubules led to an even greater inhibition of signaling-
induced redistribution of SAG1-C65-HA to flagella (Figure S4).
These results demonstrated that cytoplasmic microtubules
facilitated signaling-induced SAG1-C65-HA enrichment in
flagella, indicating that global cellular events external to
flagella participated in regulating flagellar membrane protein
composition.
SAG1-C65-HA Undergoes Rapid, Cytoplasmic
Microtubule-Dependent Redistribution to the Apical
Plasma Membrane during Signaling
During immunofluorescence experiments with adhering
SAG1-HA gametes, we noticed that not only did SAG1-C65-
HA become enriched in the flagella, in many cells it also
became concentrated in the apical plasma membrane at the
bases of the flagella (Figure 4A). The redistribution of SAG1-
C65-HA to the periflagellar plasma membrane was even
more striking in SAG1-HA gametes activated with db-cAMP.
In most of the cells incubated for 5 min with db-cAMP,
SAG1-C65-HA was depleted from the basal one-half to two-
thirds of the cell and was highly enriched in the apical plasma
membrane adjacent to the flagella as it became enriched in the
flagella (Figure 4B, lower panel shows a higher-magnification
view of activated gametes; see also Movie S2).
Having established that signaling triggered global redistri-
bution of SAG1-C65-HA to the flagellar membrane entry site
and that cytoplasmic microtubules facilitated SAG1-C65-HA
entry into flagella, we tested whether cytoplasmic microtu-
bules participated in polarization of SAG1-C65-HA. We
incubated SAG1-HA gametes in colchicine and then, in the
continued presence of colchicine, incubated them in
db-cAMP. As shown in Figures 4C and 4D, SAG1-C65-HA
redistribution to the periflagellar plasma membrane was in-
hibited in gametes depleted of cytoplasmic microtubules.
















































Figure 3. Signaling-Induced Flagellar Enrichment of SAG1-C65-HA Is Inde-
pendent of IFT and Is Facilitated by Cytoplasmic Microtubules
(A) Immunoblots with the indicated antibodies of cell bodies and flagella
(5 mg protein/lane) of SAG1-HA/fla10 resting and activated gametes incu-
bated at permissive and nonpermissive temperatures for 45 min and then
activated (or not) with db-cAMP for 5 min.
(B) Incubation of cells for 100 min in 2 mg/ml colchicine disrupts the exten-
sive array of cytoplasmic microtubules (right panel, control cells; left panel,
colchicine-treated cells; images are 2D projections of z stacks of confocal
images of samples stained with anti-tubulin antibody).
(C) Depletion of cytoplasmic microtubules impairs db-cAMP-induced
flagellar enrichment of SAG1-C65-HA (10 min treatment with db-cAMP;
2 mg protein/lane).
See also Figures S3 and S4.
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a part of its IFT-independent entry into the flagellar membrane.
Discussion
Our studies provide combined immunofluorescence and
biochemical evidence for large-scale, regulated trafficking
to flagella of an integral membrane protein, SAG1-C65-HA.
Cytoplasmic microtubules supported SAG1-C65-HA apical
enrichment and flagellar entry. Importantly, SAG1-C65-HA
redistribution to flagella did not depend on IFT, indicating
that cells possess an as yet uncharacterized, regulated mech-
anism for passage of membrane proteins through the ciliary
diffusion barrier. The even distribution of SAG1-C65-HA
over the entire plasma membrane, its surface localization as
assessed by trypsin sensitivity, and its relative paucity in
the flagellar membrane suggested that the protein did not
move freely between the two compartments in restinggametes. It will be interesting to determine whether Chlamy-
domonas BBSome proteins [36] or the many ciliary diffusion
barrier proteins identified in Chlamydomonas and in other
systems participate in regulating flagellar amounts of SAG1-
C65-HA in resting gametes. Moreover, we cannot exclude
the possibility that small amounts of SAG1-C65-HA con-
tinuously traffic through flagella. In the Hedgehog (Hh)
pathway in vertebrates, Smoothened (Smo) constitutively
traffics through the ciliary membrane by a Patched-regulated
mechanism that depends on retrograde IFT [19, 21], and
treatments that increase cAMP also increase ciliary Smo
[37]. Raising the possibility of additional similarities between
cilium-based signaling in Chlamydomonas and vertebrates,
recent studies indicate that transcripts for a Chlamydomonas
Patched family member (Cre02.g093500) are many-fold
higher in gametes compared with vegetative cells and are
downregulated during signaling (see Table S1 in [38]).
Regulated Enrichment of SAG1-C65-HA in Flagella Is
Independent of IFT
Our results showing that the increase in SAG1-C65-HA in
flagella is independent of IFT (Figure 4A) are similar to an
earlier report that restoration of flagellar adhesion in cells
whose flagella had been experimentally rendered nonadhesive
occurred in the absence of IFT [23]. The IFT-independent
flagellar entry of SAG1-C65-HA we show here directly demon-
strates that integral membrane proteins can pass through the
ciliary diffusion barrier without IFT. It will be interesting to
determine whether regulated ciliary accumulation of integral
membrane proteins in other systems might also be indepen-
dent of IFT.
Cytoplasmic Microtubules Participate in SAG1-C65-HA
Redistribution to the Apical Membrane and Flagella
The model for entry that we favor is that adhesion-induced
signaling brings about changes in the diffusion barrier,
SAG1-C65-HA, or both that allow IFT-independent SAG1-
C65-HA passage through the barrier. The signaling-triggered
ability to enter the flagellar membrane and the signaling-
induced locally high concentration of SAG1-C65-HA at the
site of entry into the flagella could then combine to support
the accumulation in flagella.
It will be interesting to determine in future studies whether
the relocalization of plasma membrane SAG1-C65-HA to the
site of entry into the flagella derives from signaling-induced
lateral movement or coupled internalization, vesicle traf-
ficking, and exocytosis. To date, there is little if any direct
evidence for endocytosis in Chlamydomonas, which takes
up only light and small-molecule nutrients from its environ-
ment. In the Hh pathway, the initial signaling-induced ciliary
accumulation of Smo results from the lateral movement of
Smo preexisting on the plasma membrane [37, 39]. Ciliary
accumulation of later-appearing Smo from internal sources is
not sensitive to disruption of microtubules by vinblastine [20],
but whether the initial, lateral movement of Smo depends on
microtubules has not been tested. Independently of the path
SAG1-C65-HA follows during relocalization, it will also be
interesting to determine whether cells use the retrograde IFT
motor cytoplasmic dynein 1b for apical relocalization, or
whether minus-end-directed kinesins are required.
Our findings call into question the currently favored model
that anterograde IFT is the sole mechanism for passage of
membrane proteins through the ciliary/flagellar diffusion
barrier at the base of the organelle and indicate that the barrier


























Figure 4. Gamete Activation Triggers SAG1-C65-
HARedistribution to the Apical Ends of Cells Near
the Site of Entry into Flagella, and Polarization
Depends on Cytoplasmic Microtubules
(A and B) Signaling induced by flagellar adhesion
(A; 20 min mixing with hap2minus gametes) or by
10 min incubation with db-cAMP (B) is accompa-
nied by enrichment of SAG1-C65-HA at the apical
plasma membrane. Bottom panels in (B) are
higher-magnification views.
(C and D) Apical enrichment is inhibited when
cytoplasmicmicrotubules are disrupted by prein-
cubation in colchicine. Upper left and right panels
in (C) are control resting and db-cAMP-treated
cells, respectively. Lower left and right panels in
(C) are colchicine-treated resting and db-cAMP-
treated cells, respectively. For the quantification
shown in (D), a cell was scored as having apical
accumulation of SAG1-C65-HA if the protein
was depleted from the lower w2/3 of the cell-
body plasma membrane and was concentrated
at the apical end of the cell. Data are from three
experiments; 100 cells were scored for each con-
dition. Error bars indicate 6SEM.
See also Figure S3 and Movie S2.
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signaling-triggered changes in the properties of a membrane
protein can endow it with a ‘‘passport’’ that allows it to nego-
tiate passage through the diffusion barrier without the need
for a motor.
Experimental Procedures
Cells, Cell Culture, and Reagents
Chlamydomonas reinhardtii strains 21 gr (mt+; CC-1690), 6145C (mt2; CC-
1961), sag1-5 [imp9] (mt+; CC-1146), fla10-1, and hap2 are available from
the Chlamydomonas Resource Center (University of Minnesota). Vegetative
growth of cells, production of gametes and zygotes, determination of cell
wall loss, activation of gametes with db-cAMP, and experiments with the
conditional fla10 mutant strain were performed as described previously
[24]. Use of fusion-defective hap2 gametes, which undergo normal flagellar
adhesion and adhesion-induced signaling but fail to fuse [31], allowed us to
study the effects of signaling without interference from cell fusion. Unless
otherwise noted, all chemicals were reagent grade and were obtained
from major suppliers.
Cloning and Transformation
Transformation of sag1-5 flagellar adhesionmutants with a genomic form of
the SAG1 gene is described in Supplemental Experimental Procedures. For
some experiments, we also used SAG1-HA plus progeny from a cross
between the original SAG1-HA cells and sag1-5 minus gametes. We gener-
ated a SAG1-HA/fla10/mt+ cell line by crossing SAG1-HA plus gametes andfla10 minus gametes and screening meiotic
progeny for plus cells that expressed SAG1-
C65-HA and shortened their flagella after several
hours at the nonpermissive temperature.
Cell Fractionation
Cell bodies and flagella were isolated as previ-
ously described [24]; resuspended to a concen-
tration ofw2–4 mg/ml protein in 20 mM HEPES,
5 mM MgCl2, 1 mM dithiothreitol, 1 mM EDTA,
25 mM KCl (pH 7.2) or 10 mM Tris (pH 7.8); flash
frozen in liquid nitrogen; and stored at 280C.
SDS-PAGE and Immunoblotting
SDS-PAGE and immunoblotting were per-
formed as described previously [24] using
commercially available 4%–20% polyacrylamidegels (GenScript USA) following the manufacturer’s protocol. Sources and
dilutions of antibodies used are described in Supplemental Experimental
Procedures.
Immunofluorescence Microscopy
Immunofluorescence experiments were performed by attaching live cells to
poly-L-lysine-coated slides, followed by fixation in methanol and process-
ing as described in Supplemental Experimental Procedures. Samples
were examined with a light microscope (Zeiss Axioplan 2E, motorized focus
drive with a Hamamatsumonochrome digital camera) and a confocal micro-
scope (Leica TCS SP5). OpenLab software was used to capture images. Im-
ageJ software was used to analyze and process images.
Supplemental Information
Supplemental Information includes four figures, Supplemental Experi-
mental Procedures, and twomovies and can be foundwith this article online
at http://dx.doi.org/10.1016/j.cub.2013.06.025.
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